


-

' ;j 

LF.GAL MOT'ICE •. -~ Thia report was p,eporeck:, an account of Gov~ aponeored work. 
nor the Cofflmlul6.~~ nor ony ,-.nr, o:cflnt o~ behalf of th• Comml11lon1 

. A. . Mn• "!'Y ~wrenty or "'fWeMntotlon, '.eap,etted or lmpllecl. ,with r--,.ct to the occurocy, COffl• 

. pl....,.._ or utefulMtl of the lftfonmttlon contained In ;hit report, ., .. ,hot the UM of any IAformotlOII, 
a~~ ~. CM' proc•• cllsdoMicl In thl1 report may not lnfrln;e p,lvotely OWftecl rJthtt, or 

.,,. I. A11v1M1 ony llobllltln with respect to the use of, o, for domo;n rnvltln; from the UM of 
ony lnformotlon. apporotut, method, or procn, cllackMd In this r•po~. 

At UMd In the ubcwe, •person actln; on beholf of the Commltslon• lncludn any employn or 
con,ractor of the Commltalon, or employn of such controctor, to the extent that 1uch employn ·or con• 
troct'or of the Commlalon, or employn of such controctor preporff, dlasernlnatfl, o, prOYldet ocr.e11 to, 
any ,lftfcwmotlon pursuant to hit employment ' or contract with the Cofflmlulon. or hh -..loyffleftt with 
such controctor. · . ) 

.. . . ~,-•; 

• • 
•' ,;- ' 

AH••& ... ML.•••• WAIM, 



11 f • . , 

UNCLASSIFIED HW-60601 

UC-70, Radioactive Waste 
(TID-4500, 14th Ed.) 

AQUIFER CHARACTERISTICS AND GROUND-WATER MOVEMENT 

AT HANFORD 

By 

W. H. Bierbchenk 

Chemical Effluents Technology 
Chemical Research and Development Operation 

June 9, 1959 

HANI-'ORD ATOMIC PRODUCTS OPERATION 
RlCHLANn. WASHINGTON 

Work performed under Contract No . W-31-109-Eng-52 between 
the Atomic Energy Commission and General Electric Company 

Printed by /for the U. S. Atomic Energy Commission 

Printed in USA. Price ~~ - 25. Available from the 
Office of Technir.al Services 
Department of Commerce 
Washington 25, D. C . 

UNC LASSlFIED 



,. N 

UNCLASSIFIED -2-

TABLE OF CONTENTS 

INTRODUCTivN 

OBJECTIVES 

SUMMARY 

GEOGRAPHY 

GEOLOOY AND HYDROLOGY 

MEASUREMENT AND ESTIMATION OF AQUIFER 

CHARACTERISTICS 

Ground-Water Hydraulics 

The Nonequilibrium Formula 

Single Well Pumping Tests 

Specific Capacity Teals 

Step-Drawdown Tests 

Tracer Tests 

Characteristics of the Ideal Tracer 

Results of Field Tests . . . . 

Cyclic Fluctuations of Water Level 

Other Quantitative Studies . 

Gradient Method 

Porosity Determinations 

Applkauilily of Melhuds . . 

HW-60601 

Page 

4 

5 

5 

6 

7 

10 

10 

12 

13 

17 

21 

25 

25 

26 

30 

31 

31 

32 

33 

MOVEMENT OF GROUND WATER AND CONTAMINATION 34 

34 

37 

40 

41 

Directions of Movement 

Limiting Cases . . . . . 

Average Rates of Ground-Water Flow 

Travel Time 

UNCLASSIFIED 



UNCLASSIFIED -3-

TABLE OF CONTENTS (contd. ) 

FUTURE STUDIES AND CONCLUSIONS 

ACKNOWLEDGMENTS 

APPENDIX I 

Analysis of Multiple-Well Aquifer Test 

APPENDIX II 

Equipment 

Pumping System 

Shaped-Charge Perforating Equipment 

APPENDIX III 

Evaluation of Single-Well Aquifer Tests 

Modified Nonequilibrium Formula 

Theis Recovery Formula . . . . 

Test Procedure and Analysis of Test Data 

Adjustment of Test Data for Thin Aquifers 

APPENDIX IV 

Eotimating Transmissibility from Specific Capacity 

APPENDIX V 

Step-Drawdown Tests 

APPENDIX VI 

HW-60601 

Page 

43 

44 

45 

48 

48 

48 

52 

52 

53 

54 

60 

63 

66 

Est i.mat~ng Transmissiuility f1'0111 Cyclic Fluctuation Data 7 2 

REFERENCES CITED 76 

UNCLASSIFIED 

--· ... --···· ·--· . ...... . . ..... t, ... IU.llf·····-----•uara..-.~ • . 1 
• • • ,. . ....... ..... ,! ....... _. ....... ,_............_ __ .......... 1~•·••J••t.aua. ... •. . , ·•-ta11J.·UledLata11u 11.-11 aia,1m•• a ,1u, ,. .... alllllliw.JI 



.. 

I , 

UNCLASSIFIED -4- HW-60601 

AQUIFER CHARACTERISTICS AND GROUND-WATER MOVEMENT 

AT HANFOH.D 

INTRODUCTION 

In proper environmental situations .low and ir.termediale level 

radioactive wastes are sus;:. eptible to either direct dispersal to the environ

ment or discharge following treatment. At Hanford an estimated 3 . 8 billion 

galll_ms of intermediate-level was~e containing about 2,500,000 ~Toss beta · 

curies have been discharged to ground since startup in ~944 througr. 

December, 1958. In addition to these wastes, approximately 35 billion 

gallons of normally uncontaminated process cooling water has been discharged 

to open ponds or swamps . ( l) Such disposal of large volume, low-1':!vel waste 

to the ground has proved to be effectual and ec onomical - principally because 

of the environmental conditions at the Hartford site. 

At Hanford, the semi-arid climate, the permeable surficial sediments, 

and the deep water table combine to produce a situation wherein most of the 

radioactive materials in the waste are trapped by electro-chemical bonds in 

the sediments as the waste percolates down to the water table . Those wastes 

that reach the water table move with the ground water toward the Columbia 

River; the direction and rate of movement being dependent upon the aquifer 

characteristics. The need for detailed hydroge0logical studies is obvious. 

Geological and hydrological studies at Hanford have indicated what 

aquifers are present and their continuity. Pumping tests have been conducted 

to determine the field permeability of the sediments, expressed, commonly, 

as lhe quantity of waler in gallons transmitted daily t~rough each square foot 

of cross section of the material under a hypothetical slop':! of water level of 

one foot per foot. Permeability, together with measurements of water 

levels in wells to give the actual ~lope of the watP.r table, gives the average 

quantfty of water moving per square foot of cross section of the aquifer and 

the app1·oximatc direction in which it is moving . Knowing the effective 

poro:.,,ily of the material and the quantity of water flowing, the a ·,erage 
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veloc;ty c.an be computed. It is therefore possible ;:o estimate the average 

rate at which radioactive waste would travel if it moved 'Jninhibited with the 

ground water, about where it would be discharged, nnd the appro-..cimate 

path it would take to get there . 

OBJECTIVES 

It is the purpose of this report (a) to describe the hydrological studies 

and tests at Hanford which permit the calculation of the hydraulic characteristics 

of the a.quifers present, (b} to determine the general directions and average 

rates of ground-water flow. (c) to point out important factors which affect the 

movement of ground water and wastes. (d) to estimate a mean lateral palh of 

potential ground-water contamination from disposal sites to the Columbia 

River and the !'time of travel". and (e ) to indicate what is needed in the way uf 

additional geological and hydrological information. 

SUMMARY 

The hydraulic characteristics of Hanford aquifers have been measured 

and estimated by a variety of established field methods. These include the 

nonequilibrium "type curve" solution, the modified nonequilibrium and 

Theis recovery formulas, estimations from specific capacity and cyclic 

fluctuation data, and the res~lts of tracer tests. Mutually consistent results 

show that the permeability of the glacioi'luviatile seaiments ranges from about 

10,000 gpd/ft 2 to more than 60,000 gpd/ft
2

, and t~e permeability of the 

Ringold deposits ranges from about 100 to 600 gpd/ft 2. Based on these 

permeability data, calculations of the average rate of ground-water flow 

indicate a range from a few inches per day to as much as 160 ft/day. 

The hydraulic studies sho.i that wastes whic~ reach the water table 

beneath disposal sHe~ will potentially move in a general southeastward and 

eastward direction some 20 miles to the Columbia River . Average rates 

of ground-water flow indicate that travel a.long this estimated mean lateral 

path of ground-water contaminat ion c ould conceivably be comple ted in an 

average time in the order of 180 years . Such fa c tors as heterogeneity and 

anisotropy of the aquifers, and dispersal of wastes in the ground water, 
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however. assume great importance in determining the path and ultimately 

the concentration of radioactive wastes in the water. Consequently, much 

additional information is needed to determine the quantitative effect of these 

factors in the field. 

GEOORAPHY 

Hanford Plant lies in a structurai and topographic bai:,in west of the 

southward-flowing Columbia River. The project is bordered. on the west by 

basaltic ridges of the Rattlesnake Hills, Yakima Range, and Umtanum Ridge; 

on the north by Wahluke Slope which rises gently to the Saddle Mountains; and 

on the east by a basaltic-lava plateau which is covered near the project by 

more than 1, 000 feel of later sediments now exposed as cliffs on the east 

bank of the Columbia River. 

Land surface ranges in elevation from a maximum of about 3600 feet 

above mean sea level in the surrounding hills, down to about 700 feet at 

dluposal sites, and to a mini.mum of about 350 feet where the Columbia River 

leave1:1 the southern confines of the controlled area. 

The drainage basin enclosing Hanford Plant lies west of the project 

from whence both the infrequent surface runoff and the vastly greater 

ground-water runoff move across the area and eventually into the Columbia 

River. The areas primarily involved in the disposal of liquid wastes are 

located 5 to 15 miles from the Columbia and Yakima Rivers , at locations 

from which all surface and subsurface runoff is toward the streams. The 

few wells tapping the ground water for sanitary supplies and downgradient 

from the disposal sites all are in control of the Atomic Energy Commission 

and at least five miles from the nearest chemical separations plant, whereas 

those wells supplying the city of Richland lie several times that distance from 

the plants. 

The Columbia Hiver, w'1i c h provides cooling and process water for 

the reactor·s and t:wparations plants, and Aanil.ary water for plant personnel, 

varie8 in flow from ahuul ;1!J, 00~ se~· on<.1-fcel to 100 , 000 second-feet during 
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the fall and winter months and up to maximum flow rates, recorded during 

plant operation, of 370 . 000 to 700,000 second-feet int he spring and early 
(2' 

summer. ' 

The Hanford region lies in an intermountain, semi-arid region where 

the normal total precipitation has averaged 6. 29 inches per year for the period 

1921-1958. Temperatures rang~ from a mean monthly maximum of 65°F to a 

mean monthly minimum of 41° F; however, temperatures are recorded from 

-27°F to 115°F. (J) 

GEOLOOY AND HYDROLOOY 

The basaltic lavas forrriing the bedrock of the Hanford region are 

folded in•o a series of anticlines and synclines which trend roughly from 

northwest to southeast and which generally die · out in the Pasco Basin 

beneath later fill deposits. These later sediments include, in ascending 

order, (a) the lacustrine Ringold formation, (b) the aeolian Palouse soil, and 

(c) fluviatile and glaciofluviatile deposits . scabland gravels, and the Touchet 

sediments . These three are tbe major geologic units in wh1 ,~h the waste 

products are retained and through which the liquids move. (
4

) 

The lithologic character and water-bearing properties of the several 

geologic units occurring in the Hanford Area are summarized in Table I. 

In general, ground water in the surficial sediments in the Hanford region 

occurs under water-table conditions although locally artesian conditions 

caused by cemented deposits and clay lenses exist. Wat.er in the basaltic 

bedrock at Hanford occurs chiefly under confined conditions, although the 

water level in wells which penetrate the uppermost part of the basalt generally 

rises to that of the adjacent unconfined aquifer . 

Figure 1 shows contours on the water table and on part of the adjacent 

piezometric surface as of December 1958 . As shown, the natural ground . 
water moves downgradient from the high areas of recharge in the west and 

southwest toward the Columbia Ri vcr . The horizontal movement of ground 

water is somewhat impeded by the basaltic anticline called Gable Mountain 
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TABLE I 

MAJOR GEOLOGIC UNITS IN THE HANFORD llEGION AND THEIR WATER-BEARING PHOPERTIES 

System Series l G eologic Un: t Material Wat er-Bearing P ropertie:; 

i Fluviatil e and glac io - Sands and gravel s occur·- Whe r e below th L- wale!' table, s uch 
fluviatil e sedim P. nts ing c hiefly as glacial o ut- de posits ha ve very h igh permeab,1-

I and th e Touchet form a- wash. Unconsolidated, ity :ind are capable of st o ri ng vast 
lion. tending toward coarseness amounts of water . Highes t permea-

(0-200 ft thick) and a ngula1·ity of grains ; bility value determi ned is 66, 700 
essenti:illy free of fines . gallons a day per square f .)01 of 

I 
cross section und er a hydraul ic 

I gradient of unity. 

Plei s to - ~;use soil Wind deposited silt. Occ urs everywhere above the 

I c e,,t , (0-40 ft thick) water table . 

I I 
Well-bedded lacustrine I Has relatively low permeability ; 

I silts and sands and Joc ai va lues range from 10 t u GOO I 
I beds ui cl ay and g!·a vel. gpd/sq ft . St orage capaci ty cur-
I P oorly s o rt e d . locally respondingly lo ·,•: . In very minor 
I 

semi-c o nsolidated 01· ;>a rt . a few beds of gravel and 
cem e nted . G enerally ,:;and are sufficiently clean th&t 
divided int o the lower i-, e rmeability is m o dcl'at c ly large; 

Quaternary Ringold formation ''blue c lay" portion which on the o the r hand , some beds of 
(200-1, 200 ft contains considerable silty clay or clay are sensibly 
thick) sand and gravel , the mid- impermeabl e under hydl'aulic g,·adi-

dle conglumerate portion , ents of ordinary magnitude. 
and the upper silts and 
fine i::and port ion . 

Miocent Columbia River basalt Basaltic la·.ras with inter- Rucks are generally den:;e except 

~and series ( > 10, 000 ft bedded s e dimentary rocks ; fur numerous shrinkag e cracks, 
liOCE:'1e thi c k) considcr·ably deformed. i11kdiow :;curia zones. and inter-

Underlie the unconsolidated bedded sediments. P e rm eab i lity of 
sediments. rucks essentially nil but tr ansmissi-

bility of a thick sc-c tiun may be rnn-
siue,·able . 

? ? Rocks uf unknown age, Probable metasedimcnts ? 
tyoe . and i;. :.ruc.: tur e . and metavolc?..nics . 

~ -

I 
0) 

:I: 
~ 
I 

0) 

0 
0) 

0 -
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and its extensions, and by a buried basalt ridge that parallels Rattlesnake 

Hills. Adjacent to, and from one to three miles distant from, the Columbia 

River, the regional body of unconfined water enters a zone in which both 

direction and rate of movement vary widely, depending on fluctuations of 

river stage . Discharge of ground water from the are~ is thus by percolation 

into the river so long as the river is not at a high stage. The broad . flat 

mound north of Gable Butte is caused by recharge of adjacent aquifers while 

the river is at high level. Subsequent to the rapid fali of the river, the 

ground water escapes only gradually through the sediments. It is thus 

implied that much of the ground water north of Gable Butte and Gable 

Mountain is recharged river water, some of which moves eastward and is 

discharged as springs and seeps to the Columbia River north of the eastern 

end of Gable Mountain. 

Irregularities in the shape and slope of the water table shown in 

Figu1·e 1 are caused largely by recharge of aquifr.rs by gI'ound-discharged 

plant 0ffluents. Since 1944 almost 39 billion gallons of waste have been 

discharged to ground, resulting in the formation of the two distinct ground

water mounds. These mounds have been discussed in detail in an earlier 

report. (S) It is obvious, however, that the mounds have increa~ed and 

locally reversed the natural hydraulic gradients and consequently have 

accelerated the movement of much of the ground water. Irregularities are 

also caused by differences in the thickness and permeability of the aquifers and 

by river-level fluctuations. (S) 

For further descriptions of Hanford geology and hydrology the reader 

is referred to earlier reports . <4 · 7 ' S) 

MEASUREMENT AND ESTIMATION OF AQUIFER CHARACTERISTICS 

Ground-Water Hydraulics 

The movement of ground water in the upper zone of circulation is 

caused by the differences in hydrostatic head in the different parts of the 

strata. The relation among the various factors governing the quantity of 

flow in permeable water-bearing formations can be expressed by a variant 

of Darcy·'s law as follows: 

UNCLASSIFIED 
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where 

Q = TJW ( 1) 

Q = flow in gallons per day through a strip of the aquifer 

W feet wide with a depth equal to the saturated 

thickness of the formation, 

T = coefficient of transmissibility in gallons per day 

per foot of width of saturated formation, under a 

hydraulic gradient of unity, 

I = hydraulic gradient in feet per foot, and 

W = width of aquifer in feet , perpendicular to the direction 

of flow . 

The value of the coefficient of transmissibility, T, is governed by the 

thickness and physical properties of the aquifer, particularly the size

variation ar:d packing of the individual particles making up the formation. 

These physical factors determine the frictional resistances to the flow of 

ground water. In other words, the coefficient of transmissibi.lity T is equal 

to the pr::>duct of the thickness of the aquifer, m, and the field coefficient of 

permeability, Pf; thus Pf = T /m. The permP.ability that represents the 

proportionality consta:1t between velocity and gradient in the conventional 

statement of Darcy's law (P) is related to this field coefficient of permeability 

by: m 

Pf = ~ i Pdrn 
0 

Ground-water movement in the saturated sediments around any system 

of artificial withdrawal, such as wells, follows Darcy's law, but for quanti

tative studies certain other formulas provide a better understanding of the 

relation among the physical characteristics of the water-yielding formation, 

the time, and the quantity withdrawn.(!)) 
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The withdrawal of water from any aquifer causes the water levels to 

decline in the vicinity of the point of withdrawal, and the water table around 

this point assumes an approximate shape of an inverted cone with the apex of 

the cone at the point of withdrawal. The over-all size , shape. and rat.P. of 

growth of the cone of depression are dependent on the rate and duration of 

pumping, the transmissibility and storage coefficients of the aquifer, the 

increase, if any, in recharge induced by the declining water levels. the 

natural discharge that is captured, and the hydrogeologic boundaries of the 

formation. The lowering of the water level is dependent on the variables 

mentioned above and the distance from the point of withdrawal. 

In order to express a general equation for relation among the variables 

that govern the magnitude of the unwatering eff eels, certain basic assumptions 

are made. It is assumed that the formation is constant in thickness, infinite 

in areal extent, and homogeneous and isotropic (transmits water with equal 

facility in all directions) . It is assumed further that the water may enter 

the well from the full thickness of the aquifer. 

The Nonequilibrium Formula 

The relation among the hydraulic pruperties of the aquifer, the rate 

and duration of pumping, and the change in water level caused by the with

drawal of water is expressed in the following form as developed by Theis: (9) 

where 

· S = 
114 . 6 Q 

T 

co 

e du J 
-u 

LB~ 

( 2) 

Tl 

s = drawdown. in feel, at any observation point in the 

vicinity of the well from which waler is wi 1.hdrawn at 

a uniform rat e, 

Q = discharge rat e of the we ll , in gallons per minute (gpm) . 
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T = coefficient of transmissibility, in gpd/ft, 

r = the distance in feet, from the point of wi.thdrawal to the point 

of observation, 

S = coefficient of stor&ge, a dimensionless decimal fraction, 

sensibly equal to tt.e specific yield or effective porosity, 

t = time, in days, since the withdrawal of water began. 

Methods have be«=.n developed for analyzing the nonequilibrium formula 

and are described by Brown, (lO) Wenzel, ( ll) and others. Theis' "type curve" 

graphical method of superposition for solution of the equation was described 

by the writer< 12> for three Hanford tests. It will not be repeated here, but 

an example of such an analysis is given in Appendix I. The results obtained 

from all four multiple-well tests are summarized in Table II. 

Single Well Pumping Tests 

In addition to the four multiple-well tests reported above, 22 single

well tests have been completed at Hanford. All of these were conducted by 

personnel of tl:e Geochemical and Geophysical Research Operation with 

equipment provided by the Equipment and Instrumentation Operation. A brief 

description of this equipment is given in Appendix II. Figure 1 shows the 

locations of the pumped wells . 

Each of the 22 wells was pumped for about 8 hours, and measurement 

of the drawdown of water level within the well was made periodically . Recovery 

readings were made for at least 8 hours after pumping stopped. The draw

down-recovery data obtained were analyzed by the modified nonequilibrium 

method and by the Theis recovery method. The modified nonequilibrium and 

recovery formulas are presented in Appendix III, together with a discussion 

of the methods and analyses of test data . 

The coefficient 0! t,·<u1smissihility was determined at each of the 22 

wells by either or both of the single-well methods. The results of the deter

minations, the estimated effective thickness of the aquifer at each weil , and 
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TABLE II 

AQUIFER CHARACTERISTICS AS COMPUTED BY NON- EQUILIBRIUM METHOD 

Distance from 0., -
Duration servation Wells : ·, 

Aquifer Well Transmissibilit,v Coefficient Permea2ility of Test and Natu1·e of, 
Tested No. (gpd/ft) of Storage (gpd/ft ) (hours) Hvd r- oloe:ical Bo unr~;.ry 

Glacio- I fl uviatile 699-55-50 3,000 , 000 0 . 20 66,700 48 None intercepkc: 

Glacio- 7 50 ft to disc h;,. rgrng 
fluviatile 699-62- 43 380,000 . 06 12,700 169 boundary; 950 f ! ,,, 

rccharP,ing bo unri,.ry . 

Glacio-
fluviatile 

and 50 ft t o discha n ;: r,g 
Ringold 699-31-53 108 . 000 . 06 QOO 8 h,,,,..._r1~, .. ,,. . 

---· ·--· J 

Ringold 19::l-K-10 34,000 7 X 10- 5 -:oo 48 l. 300 ft to rech:.. rf; -
tng boundary . 

·-

--

Number of 
Obs<:rvat iu n 

Wells 

3 

2 

I 
l 

--
2 

I 

:I: 
~ 
I 
a, 
0 
a, 
0 -
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the weighted average coefficient of permeability are given in Table III. Data 

are included for the four multiple-well tests inasmuc.h as they also were 

analyzed by the single-well methods. The tests are tabulated according to 

the aquifer tested. In several instances it was impossible to differentiate 

lithologically from drillers' logs between the glacioflu,iatile sands and 

gravels and Ringold sands and gravels . Furthermore, although the Ringold 

formation is frequently divided into a lower clay zone, a middle conglomerate, 

and an upper silty zone, marked lithologic changes occur in both vertical and 
horizontal directions such as to preclude precise definition of zones. The 

effective aquU'er was therefore assumed to include those sediments lying 

below th~ water table and above the top of the first relatively impPt>meable 

bed - whether silt, clay or basalt. The results of the various pumping tests 

show tha_t the average field permeability of the several aquifers differ 

markedly. The one test of the lower Ringold clay gave a low value of 10 gpd/tt2. 

Excluding the clay :wne, the figures obtained for the Ringold formation ranged 

rather narrowly between the moderate values of about 100 and 600 gpd/ft 2. 

In sharp contrast are the very high permeabilities calculated for the glacio

fluviatil~ sediments - ranging from about 13, 000 to 67,000 gpd/ft2. It is 

apparent_ that the glaciofluviatile sedi.mentA are roughly 100 times more 

permeable than the Ringold sediments. Intermediate values - l, 000 to 

5,000 gpa/ft 2 - were obtained from tests wherein the pumped well penetrated 

sections ·or both aquifers. In these lattPr cases the total thickness of the 

water-bearing material wao used, hence the computed permeability is that 

for the average of the entire section. If the thickness for only the glacio

fluviatile material had been used (if known), the computed permeability 

would approach that for only this more permeable material. 

These initially calculat.ed results may require revision on the basis 

of discoveries resulting from additional testing as the field investigations 

proceed. The accuracy of the results obtained depends largely on how 

closely field conditions conform lo the basic assumptions of the Theis 

formula. For example, it is apparent from observation of outcrops and 
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TABLE 11l 

SUMMAllY OF PUMPING TEST RESULTS 

--i Estimat.-d t:ffcctive I Average Field I 

i Well TranHn1 i:,slbility Thickri.-ss Permeability 
Aquifer Tested No. (l!pd/ft) (kct) (l!pdjft 2) 

Glacioiiuviatile \6!)9-:; 5 -50 '.I, lltlll , 000 -b ,; ,;_ 700 
sands and gravels I -2~-33 2.!100,000 -4 5 6-4,JOU 

I · "!!-30 
' 

I . H:,O, 000 '.b .>3,000 
- :;;; - :JO H!tl _ 000 :1;; 13,700 
-G 2-43 "JH0 . 001.l :lU 12, 700 

.... 

I 
G !?riofluvialllc -42-12 ti4 5 . 000 13\l 5,000 
sands and g1·a,:~l~ -1 -1-27 :dll,000 :?:!O 

I 
2. 400 

and Ringold sands -77 -:,.; 3 18 , 000 ti~ 4 ,900 
and gravels, u11- -20-20 :!4U. U<iO 200 1 , 200 
differentiated -40-2.; :!10 . Ol•O 

I ijO 1 . -IOU 
- '.l3-56 
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from study of adjacent well logs that the unconsolidated deposits are not 

homogeneous and that variations in grain size, thickness, and stratification 

occur within short distances . Furthermore, misleading resulto may be 

obtained from partial penetration conditions, under which eithe r the pumped 

well or an observation well may no t be c onstruct ed through the full thickness 

of the formation . The influe nce of such partial penetration on the results 

depends on the ratio of vertical to horizontal permeability, the degree of 

penetration of the pumping and observation wells, and the distance between 

pumping and observation wells . Gene rally . values of transmissibilily 

determined by m eans of the Theis fo rm11la fr om data c oll ected from partial ly 

penetrating wells are lowe r than the va lues fo r fully pe net r a ting we lls . Mt?t h nrlR 

a! r:c,rrecn on'f~r ~ rc.;oL ~-r,e:ra.~,vr. c::,f~~--~ .1 ::-c::111~ ·11. •!--r,-~ 1.1, ,.~:--a, 1.rn (11) r,,,, 
these have not always been found to be satisfactory. 

Specific Capacity Tests 

The transmissibility of a water-table aquifer may be estimated from 

the specific capacity of a well; that is, from the yield per foot of drawdown 

in the well. In many reconnaissance type ground-water investigations, 

specific capacity data pro•ride the only means of estimating the transmissibility. 

A coefficient determined in this way is approximate and, generally on the 

low side because the total drawdown in the well is usually greater than the 

theoretical formational drawdown. Besides the drawdown in the formation 

itself, the total drawdown in the well usually includes additional head losses 

attributable to such extraneous well factors as the size of the well, its 

position in and percentage penetration of the aquifer, the type and amount of 

perforation in the casing, and the efficiency of de velopment (see following 

section, "Step~drawdown tests") . 

Table IV gives transmissibil ity valu e s es timate d fr om spe cific capac ity 

data for 50 wells at Hanford luwnsiie (after which Hanford Pla nt was name d , see 

Figure 1 for location) . Addi tiona l s pec if ic c a pa c i ty dat a a rc inc lude d in T ab le 

III . These 50 wells were d ri ll ed in t he early yea r s of the proj ect; ch iefl y in 

1943, 1944 , and 1948, be fore the be g inn ing of any de tailed hyd rologic 
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investigations. The only quantitative information available, therefore, was 

that included in drillers' well completion reports. The values for T were 

estimated from equatior. en. Equation (3) and the relationship between 

specific capacity and estimated transmissibility are discussed in Appendix 

IV. 

T = _iL (1700) 
s 

(3) 

where T is the coefficient of transmissibility (gpd/ fl), Q is the discharge 

(gpm), and s is the total drawdown (feet) in the pumped well. 

Most of the wells listed in Table IV are situated in five general areas: 

Hanford townsite , 300 Area, North Richland well field, Columbia well field, 

and Richland well field. The remaining seven wells are scattered throughout 

the project (see Figure 1 for location of areas and well sites). 

The specific capacities for the 14 wells at Hanford townsite (699-HAN-1 

to 24) range from 30 to 5,000 gpm/ft and the corresponding estimates for 

transmissibility range from abou~ 50,000 to S, 500,000 gpd/ft. TheeP wells 

derive their water from glaciofluviatile deposits of sand, gravel, and boulders 

which overlie Ringold clays or silts. The relatively small values reflect the 

thinness of the aquifer at specific sites and the extremely high values may 

reflect river recharge. The average value for transmissibility of 2,300,000 

gpd/ft docs not appear unreasonable, and estimating the aquifer to be about 

35 feet thi.ck gives a field coefficient of permeability of 65,000 gpd/ft
2

. This 

is in close agreement with the values calculated for similar glaciofluviatile 

sediments elsewhere (Table III) . Pipe/J. 3) assumed an over-all average 

permeability of 35,000 gpd/rt 2 based on specific capacity reports for seven 

wells . 

Three wells in the :mo Area (399-3-2, 6, 7) were tested and th e specifi c 

capacity data indica te a ran~c in lransmissibilily from about 400, 000 to 

1,500,000 gp<l/fl . The aq ui fer thickness varies with c hangi ng river leve l, 

but assuming the thickness of the glnciofluvialile sands and gr·avcls to be 

40-45 feel, the permeability ranges f1 ·o m a.bout IU, 000 lt, :!U, 000 gpd/fl
2

. 
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One recent test (399-4-5) of the underlying Ringold formation indicates a 

transmissibility of 21,000 gpd/ft and a permeability of 250 g.pd/ft 2. 

Specific capacity data for 7 of the 10 wells in the Richlarv:I well field 

( 1199-15- to 22-) indicate an average t. ransmissibility of about 85,000 gpd/ft. 

These wells tap glaciofluvialtle and Ringold sediments so that the over-all 

average permeability approaches 2,000 gpd/rt
2

. Two of the wells tap only 

the Ringold sediments, and for these the estimated permeability was about 

60 gpd/rt 2. Piper(l3) reported that the permeable sands and gravels 

occurred as channel-fill deposits between older terrace deposits of compact 

clay or siltstone. He estimated an average permeability of about 8,000 gpd/rt 2 

from data from four tests. 

The Columbia well field (1Hl9-32- to 33-) is adjacent to the west bank 

of the Columbia River. Data from tests of five wells tapping the glaciofluviatile 

and Ringold sediments above the Ringold clays indicate average permeabilities 

in the order of 1, 000 to 4,000 gpd/ft2 . 

Data from the wells in o,· near the North Richland well field (1199-31-to 

40-) indicate that the glaciofluviatile deposits have an estimated permeability of 
2 about 7,000 lo 23,000 gpd/fl . The one well withdrawing water from both 

glacial and Ringold deposits f;ave an average permeability of about 1,000 

gpd/ft
2

, and the three wells tapping Ringold deposits gav.e permeabilities 

ranging from about 100 to 300 gpd/ft 2
. 

In summary, the specific capacity data for the 43 wdls situated in the 

five areas along the west edge of the Columbia River. as well as for the seven 

wells scattered elsewhere on the Hanford project. permitted estimates to be 

made of the lransmissibility of the deposits tapped . Admittedly most of these 

estimates are undoubtedly on the low side; nevertheless the values subsequently 

obtained for average permeability are generally in the sam e order of magnitude 

as those obtained from controlled pumping tests fur similar aquifer material s 
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That is, in general, 

(a) Glaciofluviatile deposits 

(b) Glacial and Ringold deposits 

(c) Ringold deposits . . . . . 

Step-Drawdown Tests 

HW-60601 

P > 10, 000 gpd/ft2 , 
2 P = l, 000 - 3,000 gpd/ft , 

2 
P = 100 - 300 gpd/ft . 

The drawdown in a pumped well has two components; the firs t , arising 

from the "resistance" of the formation, is proportional to the discharge; and 

the second, termed "well loss" and representing the loss of head that accompanies 

the flow through the perforations and upward inside the casing to the pump 

intake, is proportional approximately to the square of the 1...lscharge . The 

resistance of an extensive aquifer increases with time as the ever-widening 

area of influence of Lhe well expands. ( 14) Consequently, the specific capacity 

of the well decreases both with time and with discharge. 

Step-drawdown tests were conduc ted on 14 wells . Inasmt1ch as the 

step-drawdown annlysis yields information primarily conc erning the performance 

of the wells r uthcr than the aquifer1:1 perwt.ratcd, the teats were conduded 

principally in C4n attempt to evaluate the worth of the wells for radiologic 

monitoring purposes. In order for a water sample to be reasonably representative 

of the ground waters outside the well, free communication through casing 

openings is necessary. If the openings are partially plugged, corroded, 

encrusted, or otherwise inadequate, radiochemical analyses of the well water 

will be of questionable value in studies of ground-water c ontamination. The 

step-drawdown tests were employed to de termine the relative "efficiency" of 

the wells. A discussion of theory and an analysis of test d4ta are given in 

Appendix V. 

Data obtained from the multiple-step drawdown te sts are tabulated in 

Table V. In Figure 2 are shown "well -e fficien cy" curv e s for the wells at various 

hypothetical pumping rates . For this plotting "well-effic ie ncy" is defined as 

the ratio of (a) the theoretical drawdown c omputed by assuming no turbulen{; e is 

present, or approximately BQ, whe r· e B is the format10n - loss c onstant and Q 

is the d1s cl1ar·ge, to (b) the drawdownin the well , s . Thf'se c urves show a 
w 

rapid drop in efficiency as discharge is inc reased . 
UNCLASSIFIED 
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A brief study of Table V and Figure 2 reveals that those wells with 

the greatest declines in efficiency were either drilled 8 lo 10 years befor e 

the test, or elsP. originally were meagerly perforated considering the 

formation they tapped. For example, wells 699-S8-19, -2-3 , ::ind -8 - 17 

were completed in 1950, each having a total of only 60 perforations. At a 

pumping rate of 100 gpm, the respective well efficiencies are 21 per cent, 

56 per cent, and about 45 per cent. Wells 699-:~4 - 33, -14-27, and -31 - 30 

each tap an extremely permeable aquifer (see Table III). so that. despite 

their relatively sm::.U well - loss constants, C, their- efficiency is low 

because of correspondingly very small formation-loss con::. ,ants, B . At 

100 gpm the respective efficiencies are about 39 rer c ent, 43 per cent, and 

58 per cent. 

Two wells were tested twice. Well 699-S8-19 was tested "as is" 

on June 7, 1958 and the total drawdown of the pumpe<l well was calculated as: 

s = 0. 06 Q + 0 . 0022 Q2
. The well was then reperforated by the shap~d

c~arge jet technique, ( 15) and another step-drawdown test was run on June 9, 

1958. The total drawdown was then defined as: s = 0 . 073 + 0. 000062 Q2
, w . 

indicating a much more effic:icnt well. From Figure 2 it is seen that 

originally at 100 gpm the well efficiency was only about 21 µer cent, bu t after 

jet perforation it was about 92 per cent. Likewise for well GDD-26-15, the 

efficiency at 100 gpm was increased from an original 82 per cent to about 97 

per cent after jet pt>rforating. The value of adequate perforations, both in 

number and distribution, 1s clearly demonstrated. 

It is evident from the c urves of Figure 2 that many of the wells tested 

are "inefficient" in regard to the higher pumping rates . Whe ther or not these 

same wells are valueless for monitoring purpose ii:; uncertain. If the graph 

of well efficiency for well 699-55 - 50 # 1 is arbitrarily c hosen to represent 

acceptable standards, it is s e en that the six c ur ves to the left would indicate 

wells whose free interconnection wit.h the aquifers pene trated is suspec t. 

Well 69fl-55-50 # l was selec te d because- it is a fully pe ne trating well with 

adequate perforations . 
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Tracer Tests 

Field determinations of permeability were made at Hanford by the 

velocity method in which one well was used for the injection of dye and 

wells down-gradi.ent were used as observation wells . The time rate of 

travel of the injected substance through the water- bearing material was 

thus determined. 

Inasmuch as the velocity of ground water is directly proportional to 
• the permeability of the material through which it moves and to the hydraulic 

gradient, the field coefficient of permeability may be computed from 

7. 48 pv 

I 
(4) 

where Pf is the field coefficient of permeability (gpd/ft 2), p is the effective 

porosity, vis the ground-water velocity (ft/day) and I is the hydraulic 

gradient (ft/ ft). 

Characteristics of the Ideal Tracer 

As reported by Kaufman and Orlob, (lG) a satisfactory tracer (a) should 

be susceptible to quantitative determination in very low concentration, (b) 

should be entirely absent from the injectl!d water or present only at low 

concentrations in the displaced water, (c) must not react with the injected 

water or displaced waters to form a precipitate, (d) must not be absorbed by 

the porous medium, ( e) must be cheap and readily available, and (!) must 

not undergo such physical or chemical change during passage through the 

ground as to impair the degree of precision of detection. 

As the result of laboratory and field studies, Kaufman and Orlob(1 6) 

concluded that sodium fluorescein is probauly the most satisfactory of the 

dyes available, but that its use should be limited to granular media free 

of organic material and oi relaiively high pe nueability (such as at Hanford) . 

Consequently, commercial fluorescein, or uranin, was used for tracing 

ground water at three sites on the Hanfor d projec t. 

UNC LASSIFIED 



UNCLASSIFIED - 26- HW - 60601 

Results of Field Tests 

In April 1954, a tracer Lest was corH.luc led at the 699-62-43 site 

using wells that are 50 feet apart. As reported by Honstead et al, (1 7) the 

rate of ground-water movement was measure d at 170 ft/day. For an 

effective porosity of 0 . 06(1 2) and a hydraulic gradient of 0 . 0026 ft/ft, the 

permeability is calculated to be 29,000 gpd/ft 2. In comparison, the average 

permeability determined from the multiple-well pumping test at this site was 

12,700 gpd/ft 2. (1 2) 

On July 27, 1956, a solution of 100 pounds of fluorescein in 100 gallons 

of water was bled into well 699-28-41. Water samples were take n several limes 

a week from well 699-Hl-43, located about 8,800 feet to the south-southwest. 

Concentration of fluorescein in samples was determined by the General 

Chemical Analysis Operation at Hanford as follows: (a) the samples were 

concentrated from l liter to 100 ml, (b) the fluorescein was extracted with 

isoamyl alcohol, and (c) the fluorescence of the alcoh0l phase was measured 

with the JACO 200 Fluorimeter. The method can detect one-tenth of one part 

per billion, or a reduction in concentration to about 10- 9 of the initial concen

tration. Figure 3 shows the curves of fluorescein concentration as the dye 

passed the observation well. At this time the eastern ground-water mound had 

not attained the size or shape as shown in Figure 1, and a gradient existed from 

699-28-41 to 699-19-43 . The buildup of the mound, however, resulted in 

anomalous sample results from three other observation wells, an<l these wer e 

not further evaluated. 

On Septembe r 9, 1957, a similar trac er tesl was initiat e d, using we ll 

699-24-33 as the injection well, well 69B-14-27, located about 11 , 500 feet 

south-southeast as uncobsei:vat1on well, and well 699 - 20-20, loc ated about 

13, 200 feet east-s outh east . a s a sec ond obse rvation well . Figure 3 show s 

the time-conc entration c urv e s of flu u n ·sl'<.•in for t he l wu n t,scr· va twn we ll s . 

Tabl e VI summa.:-iz c s the data c oll ec tl'd a nd 11 s l'd f o 1· com puting fi e ld 

permeability between the le st well s . An l'ffecl iv c p11n1sity of \0 pe r· ct• nt 

is assumed for c omputation of Pquat iun (11) . 

UNCLASSIFIED 



031.!IISSV'l:)NO 

.... 0 
::, 

0 
..... 

.... ::, 

0 O" 
C/l 
/1) 
.., -,: 
,., ,... .... 0 
::, 

~ 
r. 

C/l 

--l 

... 0 

"' 0 

3 00 
,,, 0 

; ,,, ., 
S' 
'; 
;l C 
o· o 
:, 

:, 

tl Cl 

'< "' ., 0 

... C 

a, 
0 

00 
0 

'" 0 
0 

10909 MH 

0 

~ .... 

Concentration, Parts per Billion Fluorescein 

... _ . ---------

_,,, 

... - ..-"' 
~ ~ 
t'l.:0 
C o 
... ' 
;2 ~ 
ca 
' ,_, 
... 
' w 

w 
-

"' 
..., 0 

-------N 
-----------"' 

........... S: 

__ .... _\ ___ _ 
.... ,,, 

f ::: 
... e--

..... ca 

I 
I ,, , " ca , ' 

ca 
' ... w 

:" 
00 
0 
0 
... .. 

g_ 
"' <.::) 

ca 
' ,_, 

co 

' ... 

--

s.: ,, 

"' ,,:, 
•.o 

1<1 \, • -, 1,, I .. )'" I~ It 

... 
' 
" -a 

~-;-.. ---o--__ _L__.:; 
-... '" 

c.,, 
C 
C 

'" ... 

1After 227 days, concf"ntration was 2. •) ppb) 

(After 227 :lays, concentration was 2 2 ppb) _;....;._ ___________ __,j 

-a-031.!IISSV'l:)N 0 



Distance 
Observation from Point 

Well of lniection 
Number (feet) 

699-19-43 8,800 

-14-27 11. 500 

-20-20 13. 200 

TABLE VJ. 

TRACER VELOCITY DAT A 

i Travel Time in Days Velocity in ft/day 
First Moda1 First Modal 

Detection Value Det£'ction Value 
tl t2 vl V 2 

20 31 440 280 

67 134 170 85 

67 129 195 100 

Permeability in gpd/ft2 

.8ased on: 
vl v2 

165,000 105,000 

125,000 63.000 

145,000 75,000 
I 
~ 
OJ 
I 

~ 
I 

Cl 
0 
Cl 
0 .... 
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The time of first detection, t 1, is an event of primary importance 

because it signifies that the dye has rnnved from the point of injection to 

the point of observation. The velocity determined by t 
1 

indicates a ground

water component moving al least this rapidly in this direc tion. In the abse nce 

of better information, it is assumed that this will probably approacl-i the 

maximum velocity of the ground water ~discounting any adsorption. effec ts) in 

the particular sectio.-i tested, and therefore gives results for pe rmeability that 

are too high for the average oft he entire section test E: d . The c urves of F igure 3 

show that afte:-:- the first arrival, greater concentrations of the dye (or c on 

taminant) traveling with the ground water may be expected . Permeabil ity 

values based on the time of arrival of the modal value 01· maximum del ec-led 

concentration (t 2) appear more typical of the average calculated from pumping 

tests. Comparing the high permeahilit.y results determined Ly the veloci ty 

method to those determined by pumping tests gives some bas is for judging 

aquifer variability. In other words, it appears that the permeability of somr> 

beds inthe glaciofluviatile sediments tested may be as much as three timel:i 

the average value computed by aquifer teats, a11<l that the r a te of travel of th" 

fastest thread of water· iB likewise as much as three times the average vc luci'.y . 

Th?. after-peaks shown in the curves of Figure 3 s uggest that the 

tracer arrived at the observation wells by more than one route or perhaps 

through different sedimentary beds . Furthermore , the 30" angle subtende d 

from the point of in.iection (699-24-33) to the points of de te c: ti l•n (699 - 14 - 27 and 

-20-20) suggests the degree of t r ansverse dispersal of the t r a ce r that m ay have 

occun·ed. 

Cy.:lic Fluctuations of Wa ter L e ve l 

The response of part s of Ha nford aquife r·s to the passag e of y ea rly fl ood 

crests in the hydraulically c onn ec ted Columbia H. ive r m ay be used a s a basis 

for estimating aquifer t r ansmissibility . As the stage of the river rises , lhe 

head upon the subaqueous outc rop of the aquife r increases a nd there by eil. hcr 

increases the rate of infl ow to the a quife r o r r echH·cs the r·atc o f outfl ow t h C'r- e

from. The increase in r e c ha rge o r dec r ease in disc ha r w ~ r· cs11lts in a 
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general rccov~ry of water level in the aquifer . On the subsequ ent fall ing 

stage this pattern is reversed . The water levels in 15 wells at Ha nford 

fluctuate in r i.•sponse to yearly sinusoidal changes in river stage . (G) 

A brief discussion of the methods used for est.imating transmissibility 

from cyclic Iluctuation data and an analysis of field data are givl!n in Appendix 

V . Table VII summarizes the tentative results obtained . 

TABLE VII 

SUMMARY OF RESULTS FROM CYCLIC FLUC1'UAT10N DATA 

Transmissi- Estimated Effec- Avg . Field 
Well ibility tive Thickness Permeab~ity 

Aquifer No. (gpd/ft) (feet) (gpd/rt ) Remarks 

Glacio- 699-60-60 S assumed 
fluviatile -61-66 to be 0. 06 

-65-72 2,300,000 40 57,000 based on 
- ,3 3-90 result of 
-66-103 multiple-
-57-29 610,000 35 17,000 well test at 
-62-32 790,0(\0 35 23,000 site 62-43 

nor th of 
1Gable Mt. 

Glacio- -63-25 130,000 75 1,700 
fluviatile -67-77 190,000 120 1,600 

and -70-68 240,000 120 2,000 
Ringold -HAN-23 260,000 42 6,200 S ai:.surn cd 

'·o be 0. 10 
-71-84 15,000 100 150 

Ringold -72-88 31,000 100 510 
-92-38 32,000 100 320 

····· ·•--'--

The £.~ovc i li<licated values of the coefficients of transmissibility 

and p~rmeabilily are considered te ntative est imat e s . These data s e r ve 

merely to demonstrate the appllc ability, usefulness, and limitatb ns of the 

method desc ribed for ·.rnalyz i ng cyc lic fluctuation s of g r ound - water level. 

However, the results obtained a r c in the same order of magnitude as those 
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rep,;rted previously. Thus, the permeability of the glaciofluviatile sediments 

ranges from 17,000 to 57,000 gpd/ft 2; the permeability of the Ringold sediments 

rar.ges from about 100 to 500 gpd/ft 2; and intermediate values of about 1,000 

to 6, 00CJ gpd/ft
2 

were obtained when considering a section of both glaciofluviatile 

and Riniold sediments . 

Other Quantitative Studies 

Gradient Method 

In the vicinity of the western ground-water mound the Ringold formation 

0 presumably is quite homogeneous, as evidenced by the roughly conical shape 

of the ground-water contours (Figur'-= 1). An approximate value for transmis

sibility may be obtained by com;idering the flow through one or P1ore of the 

closed contours r.;f the mound. Thus, according to a modified form of 

Darcy's law, the gradient formula for transmissibilit/ l l) is 

(5) 
11. 

,,. .... :?re T is the transmissibility (gpd/ft), Q is the average cischarge into the 

mound (gpd), I is the average hydraulic gradient around the contour (feet/mile), 

and L is the length around thP. c~n.our (miles). 

Considering the 45CJ-foot contour on the western mound (see Figure 1), 

a weighted average gradient of 15. 3 feet/mile was determined by averaging 

the gradients for several segments around the contour . The length of the 

contour iB about 10. 3 mileR and the average input to the mound in the 

period December 1944-September 1358 wns roughly 4,200,000 gpd . From 

equation (5), 

T = 
4,200,000 

(15 . 3) (10 . 3! 
= 27,000 gpd/fl 

Newcombe and Strani 18) calculated the transmissibility lo be about 

25,000 gpd/ft based on similar data for the period 1944-1953 . A mo'Jt 

question was raised by them involv i ng the thickness which should be used for 

the aquifer. It wat:i n~!lsoned that under normal conditions the aquifer 
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consisted of the saturated part of the c onglomerate member of the Ringold 

formation and that undoubtedly the entire saturated part of the conglomerate 

member is used to some extent. in t.he outward transfer of the water from 

the recharge mound. But the nonisotropic and layered character of the 

material must preclude an ideal flow pa ttern vertically across the 

stratification downward and laterally outward from beneath the mound. The 

actual shape of the flow net was consequently assumed to be something between 

the two idealized concepts of: (a) downward and laterally outward by a uniform 

migration in a symmetrical flow net, as is common to isotropic materials, 

and (b) an entirely lateral slippage off the mound without deep circulation. 

Newcombe and Strand subsequently estimated a saturated thickness of 240 

feet, which gave an average permeability of 10!1 gpd/E
2

. Present knowledge 

of the area shows that the effective saturated thickness ranges from 100 fee t 

in the northeast to ~20 feet in the southwest. In any event, the permeability 

of the Ringold form'1tion here is probably within the range of 100 to 300 gpd/ft 2 . 

Porosity Determinations 

The median specific yield or the available porosity (volume saturated 

less the specific retention) of the sediments being used for storage nf the 

recharged waters of the ground-water mounds was estimated by Parker and 

Piper(19 ) to be about 4 . 8 per cent in the we 1-,t and about 6 . 5 per cent in the 

east. Newcombe and Strani l8) obtained approximate values for available 

porosity by dividing the total amount of water delive r e d to the respective 

plants during the period Novemb~r 1948-May 1953 into the volume of the 

mound's grow th fur the t:ialue period . Those quantit ic s gave a value of about 

11 per cent for both the western and eastern areas . In a s imila r manner, the 

writer(G) calculated the welt ed porosity to be about 6 . 0 per ce nt for the 

saturated sediments of the west e rn m ound a nd about 7 . 2 per ce nt for thpse 

of the eastern mound, and a ve raging abo ut 6 . 4 per ce nt. Thes e f igures we re 

based on the following data: 

(a) Total volume of s c ditn c nts affec ted by rise qf watr.r leve ls 

-= 62 billion c ulilc f e r:t. 
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(b) Total volume of effluents discharge d lo ground December 19 55-

June 1957 = 4 billion cubic feet. 

It was assumed that all effluents were still in the zone of saturation and tha t 

none hari been discharged inlo the Columbia River . 

Based on the vari ous direct and indirect methods of calculation, the 

effective porosity of Hanfo r d aquifers averages about nine per cent ; a rounde d 

off value of ten per cent is used for most suhsequent calculations. 

Applicability of Methods 

The methods discussed for measuring and estimating aquifer 

characteristics have been used successfully by hydrologists for many years . 

It must be recognized, however. that the numerical r e sults obtained by 

substituting aquifer test data in an appropr iate mathematical model indicate 

the transmissibility and storage coefficients for an idea:i aquifer. If enough 

data are always available it will be found that no ideal aquifer could reproduce 

the data obtained, for example, in an actual pumping test. The dispersion of 

the data actually is a measure of how far the aquifer departs from the idea 1 

Recognized departures from the ideal, however, d -::i not c onstitute ground~ for 

abandoning, or rarely using, available analytical equations . 

The various methods described were used to determine the permeability 

of Hanford aquifers. A summary of the r esults uutaine<l by thes e methods 

is given in Table VIII. 

TABLE VIII 

SUMMARY OF AQUIFER PERMEABILIT~ 

Avg. 1' 1elol'e"i·mea01.lity (gpd/ 
Aquifer Pumping Specific ~ T 

f[2) Calculated from : 
racer Cycl ic Grad i. ent 

Tested Tests Capacity Tests T ests F'luc tualions Mellwd 
·--

Glacio-
, fluviatilc 13,000-67,000 _ 10,00 1J - 65,000 > (i 

I Glacio-
--~ ~JU __ I 7,000 -5 7,000_ +----- ---f 

fluviatile 900-5,000 1,000-4, 000 l,G00 - r,, 000 
and Rini!old 

Ringold (ex-
eluding clay 50-600 60 - 300 150 -5 00 100 - 300 
zone) 

- -· 
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The extraordinary variability in the coefficients of pf'rmcabil ily and 

transmissibility point out that one quantitative test could not satisfy the 

demand for a quantitative study of Hanford aquifers . F.a('.h test is merely 

a guidepost or segment of knowledge. Fortunately, at Hanford, individu"ll 

tests have been supported by a variety of additional t f'St R su,~h that the 

aquifer characteristics can be stated with considerable confidence . As 

stated previously, knowledge of the permeability and the effective porosity. 

tugether with measurements giving the actual slope of lhe waler table, 

determines the quantity of ground-water flow and its approximate direction 

and permits the computation of average velocity . Such c.leterminatioTJ~ <t rr 

given in Figure 4and are discussed in more detail in following sections. 

The areal distribution of glaciofluviatile sediments shown in Figure 4 is 

partly based on the foregoing hydrogeologic data, and parlly on an 11 11p11blished 

contour map of the top of the Ringold formation.* 

MOVEMENT OF GROUND WATER AND CONTAMINATION 

Directions of Movement 

In general each water particle in the zone of saturation is m oving ft-nm 

some point in an intake area where it first reached the wat.er table t.oward 

some point where water is being dischargt:.d through spri nv, or seeps , or by 

evaporation or adsorpti.on by tht: roots of plants. <20
> The energy that keeps 

the water in motion against the internal friction created by its own visc osily 

is provided by the difference in head bel ween the ple1ce of intake and lhe 

place of discharge. The path followed by each thread of water leads in 

varying directions, and at times it may have an upward trend, but I.he place 

of discharge is at a lower level than the place of rer,hargc, and thus put c ntia I 

energy is lost. The difference in head is distrihut e d throughout e a ch thread 

of water as a hydraulic gradient, continuously but not at a constant ralc, all 

the way from intake to exit. In the absenc e of more prcr. isP data, it iR 

assumed that ground water always movC's int he direclion nf the hyd1·a 111i c 

---------- ---------- ---- ---- --- -
* Personal communication from H.. E. Brown. 
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gradient. Therefore, the best means of determining the direction of 

movement is by drawing lines perpendic ular to ground-water contours, fr om 

high to low head (sec ve locity vec tors, Figure 4) . Strictly, however, e ve n 

a perfect contour map of lhe water table would show only the horizontal 

direction of movement of the ground water al the waler table. T he hydrauli c 

gradients are three-dimensional, how e ver, and the wate r moves not only 

along the Wi\ter table but aiso to depths below the water table and generally 

upward a.gain to the water table at some other place . 

The ground-water contour maps (Figures 1 and 4) are based on the 

measured altitude of the water surface in a pattern of wells (at present 

m:mbering 130), the contour )ine c representing lines of equal altitude on the 

water table or piezometric surface expressed in feet above mean sea l e ve l. 

The greatest number of these wP.lls rn0nitor the two ground-water mounrl ~ 

permitting rather accurate contouring in these locations. The relatively few 

data available for those areas lying north of Gable Mountain and immediately 

northeast of Rattlesnake Hills require liberal interpretation and generalization , 

and there may be substantial deviation, at least in detail, from the shape and 

position of the contours as shown. 

As Figure 4 indicates, the present pattern of ground - water movement 

underlying Hanford Plant has changed fundamentally dur ing the 14 year ,:; of 

plant operalinn, owing to concurrent changes in wat e r-table form . (5) In 

brief, the zone saturated by infi.ltered waste effluents creates a ground-

water divide, roughly concave to the south and enclosing disposal sites on the 

west, north, and east. From the northern or outer flank of this divide , lhe 

artificially rec harge d water large ly moves radially northwest ward and 

northeastward . From the southe rn or. inner flank of the divide, I.he infil~ e red 

wastes converge and movP ge nerally southeastward and then m o re eastward 

in a relatively narr-.>w b,md . 

Owing to these artific ial e le1nents in the pattern of m ovement , ground 

water which enters the area naturally. a long Cold Creek vall ey a l the base of 

Yakima Ridge and Rattlesnak e Hill s, pre sumably now c an pass to the Columbia 

River only upstream from the west e rn gr·ound-wat e r mound and downstream 
UNCLASSIFIED 
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frC'm a point about 10 miles north of the Yakima River . It is now excluded 

from the intervening reach of the river . 

The directions of movement in the regional body of unconfined water, 

here described. are those which would be taken currently by any radioactive 

waste products infiltrating to the water table from an overlying disposal 

site. 

Limiting Cases 

ln order to predict the movement of any radiocontaminants, several 

important factors must be considered . These include the movement of 

water. the dispersal of matter in water, and the adsorption of substances 

by natural materials in contact with water . 

The mo.emcnt of grouncl w::iter has been studied for many years, and 

mathematical models have been worked out for many of the limiting cases. 

Low-level radioactive wastes that enter the water table beneath disposal 

sites W and E shown in Figure 4 will move from these places of injection 

under the increased head imposed by the injection and also under the hydraulic 

gradient under which the natural ground water is moving. As pointed out by 

Theis, <21> in a homogeneous and isotropic formation the malhematics of 

ground-water flow is analogous to that of the conduction of heat or electricity, 

with the concept of hydraulic head taking the place of that of temperature or 

voltage. and permeability that of thermal or electrical conductivity. Hence 

the shape and size of a volume of waste in the ideal formation can be computed. 

If wastes of the same viscosity and density are injected at a fixed 

rate into an ideal formation, the volume of aquifer occupied by wastes will 

havt. a lateral short axis normal to th~ gradient equal to 2a . It will reach 

a point upgradient a distance, b, al which the imposed hydrnulic gradient 

will equal the oppositely directed natural gradient. Its courst:! downgradient 

will be governed by the imposed and natural gradients and it will reach a 

distance, c, in the time, t. These distances are given by the following 

formulas:< 21 > 

UNCLASSIFIED 



UNCLASSIFIED -38- HW-60601 

a = Q (6) 
2Pim 

b = Q (7) 
2~ Plm 

t = 7. 48 (p~) [ c - h ln ( 1 + : ) ] (8) 

where 

Q = the input into the aquifer in gallons/ day (gpd), 
') 

P - permeability of the aquifer (gpd/ft£,), 

rn = thickness of aquifer (ft), 

p = porosity of the aquifer, 

I = natural hydraulic gradient (ft/ft} . 

Considering a waste discharge of Q = 1. 000, 000 gpd into the glacio 

f!uviatile sediments where P = 60,000 gpd/ft2, m = 40 ft, p = 0. 10, and 

I= 2 x 10-4 (roughly 1 ft/mile), the dimensions would be: a :::: 1,000 ft, 

b:::: 330 ft, and c:::: 2,200 ft after 100 days of injection and about 18,000 ft 

in 1,000 days. For the Ringold formation in which P = 500 gpd/ft2 , 

m = 200 ft, I = 10-3 (about 5 ft /mile), and with Q and p the same: 

a :::: 5,000 ft, b ::::s 1,600 ft, and c:::: 530 ft after 100 days and about 2,000 ft 

in '1,000 days. Inasmuch as the waste volume can move no farther in any 

direction than it doea directly downgradicnt, in the latter case the limits 

would not have been approached within the time given and the volume would 

be essentially a cylinder of radius 530 ft after 100 days and almost 2,000 ft 

after 1,000 days of injection. In the former case the wastes would occupy 

essentially an elliptical cylinder having a major axis of some 18, 300 ft and 

a minor axis of about 2, 000,ft after 1,000 days . 

Such distances as given cannot l>e expected to closely limit the distance 

to which radioactive contamination would spread because of the heterogeneity 

and anisotropy of the aquif ere. The waste would be expected to move farther 

in the more permeable beds and less far in the beds less permeable than the 

average . Furthermore, if there is one direction in which ground water 
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moves more easily than in another, the direction off low inclines in tli i s 

direction . For example, the elongation of the eastern ground-water mound 

(Figure 4) is caused by the upwarping of a two-mile wide belt of Ringold 

clays which rises above the water table near well 699 - 40-33 with a genernl 

northwesteriy strike . (5 ) Consequently the water moves much mure fr e e ly 

through the more permeable sands to the west and thus preferentially in 

northwestward and southeastward directions . 

A waste contained in a stream of ground water moving from ben<'::i. th 

disposal sites through unconsolidated granular deposits di.sperses both along 

and transverse to the direction of flow. <22> Dispersal in the direction of 

flow reduces the concentration of the contaminant if the waste is a slug 

temporarily introduced, and gives a warning at a locality downstream of the 

approach of a continuously introduced waste stream. Dispersal across the 

direction of flow spreads a conl.aminant more widely but reduces the 

concentration. The occurrence of hydraulic d ispersion resulls in some 

portions of the waste traveling at velocities considerably exc eeding the 

average. <23 > 

Such factors as heterogeneity, anisotropy, and dispersal assume 

great importance in determining the path of contaminants J. n the ground 

water. Consequently, the estimated mean lateral path of ground-water 

contamination shown in Figure 4 is taken to represent the probable minimum 

distance of travel from beneath disposal sites W and E to the Columbia 

River, R . Inasmuch as the construction of ground-water contours over much 

of the path shown was somewhat arbitrary due to scarcity of water-level rlata. 

there may be consider_able deviation from the position of t'ie path shown 

Furthermore, such contours will be shift e d in response to c ontinual changes 

in water levels m wells caused by fluctuations in river st.age a nd the c ontinuing 

artificial rl.!charge of the aqu ifers by plant efflu ents . Never theless , based 

on the hydrologic conditions infe rred in Figure 4, a minimum pa.th from W 

to R of about 110,000 feel (about 21 miles) a nd from E to Hof about 9 5 ,000 

feet (18 miles) appears r easonable . 
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Average Rates of Ground-Water Flow 

The rate of ground-waler· fluw is fixed by the vector quantity describing 

the maximum hydraulic gradient. Darcy's law for laminar flow is applicable 

but only enables the estimation of average velocities. Variation from t.he 

average is likely to be considerable, so that some small fraction of the fluw 

may move at several times the average velocity, even in an essentially 

homogeneous formation. Rates of flow of tracers a3 much as three times the 

calculated average have been observed at Hanford (page 29), and Kaufman, 

et a1( 23
> report that portions of a liquid may travel six ur more times the 

averpge velocity even through essentially homogeneous porous media . 

Interpretation of ground-water contour maps in terms of rates of 

ground-water flow is possible, if the transmissibility, and hence the perme

ability, of the aquifer is known. On the basis of measurements and estimates 

of aquifer characteristics previously presented , average velocities were 

calculated according to equation (4) (v =- 7~~8 p). Furthermore, inasmuch as 

the permeability of both the glaciofluviatile and the Ringold aquifers rangerl 

within relatively limited orders of magnitude (Table VIII), values for 

permeability were assumed for these aquifers at other well sites where 

quantitative data were not available . For example, an av~rage permeability 

of 500 gpd/ft
2 

was assumed for the Ringold aquifer, and an average perm~ -

ability of 60,000 gpd/ft2 was assumed for the glaciofluviatile sediments where 

they occur beneath the water table (se e Figure 4). An effective porosity of 10 

per cent was used in cakulaliuru; except at sites where it had been more 

accurately determined . 

The flow rates arc shown on F'1gur<? 4. The map shows velocity 

vectors. with numerical valu<:s of average rate of movemeat in feet per 

day, as well as the quantity of water in gallons flowing in one day through 

a 1-mile-long sec tion of the aquifer perpendicular to and bisected by lh<' 

velocity vcdor for tr'Jsc sites where the t ransmissibilily has been 

determine d by pumping tests . The volum e uf flow t.o the s11ulh1:ast in the 

glaciofluviatile sediments is pr uliably in the order of several hundred 

times that flowing eastwan.i in the fine -graine d Hingold sediments. 
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As mentioned previously, the a.verage rate of flow is proportional to 

the hydraulic gradient under uniform condibions; but under the same gradient 

the quantity of flow is proportional to aquifer thickness and permeability 

Hence, eastward movement from disposal site W (Figure 4) occurs under an 

average gradient of about 20 ft/mile in the Ringold aquifer of permeability 
2 about 300 gpd/ft (page 32). Average rates of movement are ther ,;fo r e only 

about 1-1/2 to 2 ft/day . Subsequent southeastward movement in the highly 

permeable glaciofluviatile sediments occurs chiefly under shallow gradients 

of only a few tenths of a foot per mile. Average veloc i ties of about 7 ft/ clay 

were computed for most of this stretch. Direct eastward movement to the 

Columbia River through glaciofluviatile sediments is inhibited by the southern 

end of the eastern ground-water mound. Instead, general movement 0c c ur s 

more lo the south through Ringold deµusils under the infiuence of a mod e rat e 

gradient of roughly 5 ft/mile, at an average velocity of 1 ft/day or less . 

Travel Time 

Based on the average ground-water velocities shown in Figure 4. 

a "travel time" of about 180 years is calculated for ground-water flow from 

W to R, and about 175 years from E to R. Significantly, the values and 

procedures adopted for calculating ground-water velocities result in 

conservative values for travel time . Furthermore, it must be emphasized 

that the maximum rate of movement of the ground water and even of some 

materials dissolved in it (e . g . , ruthenium-106 and nitrates) may be many 

times the average, while those dissolved constituents that enter into 

adsorption reactions (e . g . , strontium- 9O and cesium- 137~ may move far 

slower than the water . Consequently, a more descriptive te rm than ''trave l 

time" is required for th ,:, actual bch.av~or of con c ern . "Isotope trave l tim e " 

is suggested inasmuch as several fa c tors other than gr ound - wat e r movem e nt 

affect the available decay interval. These factors have heen investigatPrl in 

the lahoratory and theoretically al the University of C a li for·nia and a s ur 1111a1 -.;· 

f . "f" t 1 . f Jl (2:i, 24 ) o s1gm 1can cone us1ons o uw s . 
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(a) Hydraulic phenomena produce velocity var:_ations in laminar 

flow through homogeneous porous media that bring about a 

longitudinal mixing of selected intruding and displaced fluids . 

A diffuse zone or "concen~ration front" forms rather than a 

sharply defined interface . The depth of this zone increases in 

proportion to the distance traveled due to portions of the intruding 

contaminant moving at velocities exceeding the average. 

(b) Ion exchange reactions may modify the propagation nf a radio

contaminant in tw" ways: ( 1) the median velocity of the contaminant 

front will be predictably less than that of the liquid front, and (2) 

the depth or diffuseness of the front may be modified over that 

resulting from purely hydraulic phenomena. When the radiu

contaminant is not selectively sorbed by the exchange medium, 

its front will become increasingly diffuse as it progresses through 

the medium. When the radiocontarninant has a selective affinity 

for the medium, as may be the case with strontium or cesium as 

the displacing cation, the front may not become more di.ffuse with 

distance but rather may tend t.o sharpen as propagation continues. 

Empirical data obtained from radiologic monitoring of wells at Hanford 

have shown that the chemical form of Ru l CJ j in Hanford wast.es is little 

affected by ion exchange, and anionic components of waste, suc h as nitrates, 

are apparently not affected at all. Sampling of the ground waters in more 

than 10 wells near western disposal sites ("W". Figure 4) disclosed that 

nitrate ion traveled about 0 . 6 fl/day wher eas the Ru
106 

from the same waste 

traveled at about 0 . 4 ft/day . <25 ) The average rate of ground - wale1· move

ment at that time (1950) was calculated to be about 0 . ;i fl/day . In another 

case< 25 > radioruthemum moved soulheast ·s ard about eight mil e s from an 

eastern disposal site (nPar "E". Figut·l! .1) in less than one y Par at n1tes 

:t.pproaching 160 ft/day . Nitrat e c onc f'nl rat ion inc r e as ed to about :i00 ppm 
10 G in well 699-20-20 before trace c onc entratio ns of Ru in 1.111' urder· of 

10-
7 

µ c / cc appeare d . Tlli sfu ll u ,v 1~da !· a p1,: ,x n 1;11•· lv lB - month pPrind of 
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negligible supply of cooling water to the eastern swamp, during which the 

eastern mound subsided to the extent that a favorable hydraulic gradient existed 

from site E to well 699-20-20 . (S) Subsequent tracer tests in this area (page 2G) 

confirmed these high velocities . 

FUTURE STUDIES AND CONCLUSIONS 

Additional geological and hydrological information is needed in waste 

disposal studies. As pc,inted out by Theis( 22) and others in the field, <23 ) the 

techniques of ground-water studies used for estimating ground-waler character

istics give average values - average velocity and average path of flow . In 

radioactive waste disposal the average is necessary as a starting point or a 

point of reference, but it is not good enough. For instance, the factors of 

heterogeneity and anisotropy of aquifers assume great importance in waste 

disposal. The important effects of such irregularities i:1 the various geologic 

units upon t.h~ rate and direction of waste movement n~quire that the geology 

be learned in great detail and that many wells be drilled to gPt. these details . 

During 12 years of continuous well drilling at Hanford since the formal waste 

disposal research program began in 1947, 547 wells have been drilled for 

various purposes, totalling more than 107,000 Zeet. During the next 10 years 

it is contemplated that an average of aboui 1.1 wells per year totalling about 

5,000 feet per year will be required for research purposes . <26 ) These wells 

are needed to (a) monitor any movement of ground-disposed radioactive 

solutions, (b) provide structures for hydrologic investigations permitting 

further evaluation of aquifer characteristics, (c) provide sediment sampl es 

for laboratory e·:aluation oi' ion exchange capacity, permeability. and 

mineral content, and lo furnish soil column material for crib- life e valuations, 

and (d) provide basic geologic (stratigraphic) data . It ems b, c , and d will 

provide data that permit pred1ctions tn be m,:irl e uf the probable behavior of 

wastes in the ground, and of the paths and rates of travel toward points of 

possible exposure . Item (a) will prov i de information on the actual behavior, 

information that can then be cor r·c lat c d to the data from which the predic.:lions 

are made . 

UNCLASSIFIED 



'i 

-:" . 

./ .. ·~--------·- ·--- ., ·-~- -· 

-----'------------

UNCLASSIFIED -44- HW-60601 

Because knowledge of the processes of dispersion is incomplete, this 

phenomenon must be further investigated in the field sino:e the effective 

dispersion in the field is probably larger than indicated by laboratory experi 

ments. A special 13-well field-scale facility for the study of dispersal 

phenomena during movement of ground water is under construction at the 

699-62-43 site. 

A geophysical seismic program is also b 1.!i.ng considered. It is expected 

that such a technique would improve forecasting of drilling needs, positioning 

of wells, completing of drilling projects at faster rates, and reducing over-

all drilling needs. <26> 

In conclusion, a hydrogeological survey of waste-disposing sites must 

be extremely thorough. The current state of knowledge concerning aquifer 

charar.teristics ant..l ground-water movement at Hanford has been presented 

herein. Estimates have been made of the aquifer volume a waste would occupy 

under certain stated conditions, the averag1:: r ate at \vhich the waste would 

travel, about where it would discharge into the Columbia River, and the 

approximate path it would take to get there. However, a considerable expansion 

of basic knowledge of ground-water movement and the geochemistry involved 

is required in order to insure that the geology and hydrology have been 

properly interpreted. <22> 
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APPENDIX I 

ANALYSIS OF MUL~_!PLE-WELL AQUIFER TEST 

The nonequilibrium formula developed by Theis assumes that the 

aquifer is infinite, i.e. , without boundaries or any change in its hydraulic 

characteristics. Methods are available for estimating the degree or manner 

in which an observed aquifer diverges from the idealized aquifer . As an 

example, the application of the image method in problems of ground-water 

hydraulics, as described by Ferris, <27 ) was applied to results obtained 

from a multiple-well pumping test at well site 699-31-53 . Other Hanford 

examples have been described previously . (lZ) 

The test well, 699-31-53 , was pumped for eight hours at~ rate of 

605 gpm, and measurements were made of the drawdown and subsequent 

recovery of water level in an observation well located 51 feet to the south . 

Drawdown-recovery measurements in the observation well were made by an 

automatic water-stage recorder . 

The log-log plot of the observed water-level data, s, against values 

of r 2 /t for the recovery phase is shown in Figure 5. For purposes of 

computation the graph of the observed data is superposed on the type curve 

which gives values of W (u) versus u, and with the coordinate axes of the 

two curves parallel, a position is found by trial for which most of the plotted 

points fall on the type curve . With the curves in this position, an arbitrary 

match point (MP) is chosen on one graph, and from the correspc,nding points 

on the other graph, values are derived for use in computing the coefficients 

of transmissibility and storage . By use of this method, these values were 

determined to be 108,000 gpd/ft and 0 . 06, respectively . 

If a geologic or hydrologic boundary 1s not present, the extrapolated 

observed-data curve should correspond for its full length with the type curve . 

However, if a boundary is present within the cffectiv~ radius of the area 

tested, the curve will deviate above or below the type c urv e. Figure 5 
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shows that the observed data fall above the type curve, thus identifying a 

negative or discharging boundary . Using the formulas derived by Ferris, 

and knowing the distance from the observation well to tne pumped well, r , 

and the lime intercepts for both real { !'~ l ::i~rf image ( r_r) well r; at e.qu!,. 

\ tp , t1 

drawdown, the distance from the observat1on to the image well , 1 i, is 

calculated to be about 100 feet. The distance to the negative boundary is 

therefore about 50 feet, and this boundary is interpreted as being caused 

by the difference in permeability between the glacinfluviatile sediments and 

the Ringold formation. The well is located on the edge of the glacial channel 

(see Figure 4), and below the water table it penetrates less than 10 feet of 

glaciofluviatile sediments before entering the Ringold. 
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APPENDIX II 

A pumping system was developed by Raymond( 28
) that permits pumping 

of most of the project wells. The system includes: 

(a) A Layne & Bowler 4-stage, 6 RM bowl assembly pump coupled to 

a 15 hp, 220-v, 60 cycle, 3-phase Franklin electric submersible 

motor. The unit is rated at 225 gpm at a total head of 200 feel. 

(b) Ten-foot sections of Naylor spiral-weld 4-i.nch ID column pipe , 

with "Ever-Tite" quick-connect couplings. 

(c) A trailer-mounted 30 KW G. M. diesel engine driven generator . 

Also on t : .e trailer is a large diameter hand-cranked reel used 

for electrical cable storage, payout, and takeup. 

(d) Surface piping consisting of 4-inch, schedule 40 pipe lea~ing from 

the column pipe discharge elbow to 6-inch light weight irrigation 

line pipe. A 4-inch Sparling mainline meter measures water 

volume to an accuracy of 2 per cent and a 4-inch gate valve controls 

water flow. 

(e) H, .1isting equipment consisting of a 1 /2-ton Muller gasoline engine

driven hoist and "A" frame mounted on the bed of a 2-1 /2-ton 

6 x 6 GMC truck and an Ingersoll-Rand air-driven winch. 

Figure 6 shows the equipment in operation during the pumping lest on 

well 199-F7 -1. 

Shaped-Charge Perforating Equipment 

With only a few exceptions, all the wells at Hanford have been 

perforated with the Mills' knife perforator . In nrde r to perform non - routin<' 

reperforating where speed, positive and high density perforation, and use 

of light-weight hoisting equipment are desired, a shaped- charge system was 
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FIGURE 6 

Photo Showing Pumping Equipment Installed at Pump-Test Site 
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adapted by Raym0nd. ( H,) Tre shaped-charge perforating equipment consiRt.s 

of the shapec! charges, primacord and detonaton~, carriers or guns, wire 

line, cable head, port. plugs, primacord terminal unit, tandem connectors, 

end plugs, casing centralizers, various gaskets and "O" ring seals, and 

the blaster. The perforators are 10-gram charges of waxed ROX explosive 

pressed into steel containers . The carriers which locate and support I.he 

charges in the well are heavy-walled steel tubes with holes drilJed through 

the wall and tapped to accommodate the charges . Gasketed aluminum plugs 

arc, screwed in against the charges to seal out water prior to detonation, and 

to retain the charges in position. Each carrier is 5 feet long, 5 inches in 

diameter, and will support 64 charges . Shot planes are at intervals of 

3 inches along the carrier; each group of 4 shots is placed 45° further 

around the axis than the preceding four. Figure 7 shows an assembled 

carrier ready to be placed in a well. 

UNCLASSIFIED 



UNCLASSIFIED 

/ 

-~ ., -
I 

( 

, , / 

,. 

-; , 1-

I 
i 

~ , 
I ; 

I 

J,'!(;t :1u,; '/ 

l 1h 1d 11 S h , , .•. : 111~ \ :.: -. , 1111,!, ·d S li ;1p 1· d - ('h :11 ·g 1• (' ;11T ivr · 
r,, , l ' t ·r · l', 11 ·; 111111 : \V l' l l s 

ITW - (i llfi(I) 

., , , -· ,., ... "" l i ;\; { ' I .ASSJl •'JI-:D 



UNCLASSIFIED -52-

APPENDIX III 

EVALUATION OF SINGLE-WELL AQUIFER TESTS 

Modified Nonequilibrium Formula 

HW - GOGOl 

Jacob(l4) has shown that when plotted on semi-logarithmic paper, 

the theoretical drawdown curve approaches a straight line where s uffic i ent 

time has lapsed after pumping started. Thia modified method should yield 

coeffi.cien~s with accuracy comparable to the "type-curve" graphical solution 

of the Theis nonequilibrium formula if the data used are from the portion of 

the pumping test after the values of "u" in the following equation have become 

less than 0. 01. 

1. 87 r 2 S u = (9) 
Tt 

From the portion of the data which plots as a straight line on semi

logarithmic graph paper, the aquife r coefficients may be determined by us e 

of the following equations: 

T = 

s = 

264 Q 

6s 

0. 3 T t 
0 

2 r 

(10) 

( 11) 

T, Q, S, and r are as previously defined, and 6s is the change 

in drawdown in feet per log cycle in the straight - linf:' po r tion of the draw 

down curve. The t variable is the t ime value in days of t.h e int e r c ept of 
0 

the straight-line portion of the cu r ve (ext e nded to ward the s tar t ing line) 

and the zero drawdown line . 

Equations ( 10) and ( 11) can be used also with data sho wing the 

recovery of water levels after pumping stops . In such n c omputati on, "s" 

is the total recovery in feet and "t" 1s the lime since pumping stopped . 

Values of T and S determined from rec ove ry data should agree with those 

obtained from drawdown data . Rec overy data have an adva ntage in that 

they are not affected by erra.tic pumping rat e s . 
UNC LASSIFIED 
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In general, it is not possible to determine the storage cor:fficient S 

from observations within the pumpir.g well because the effective radius of 

the well is not known. In a well finished in uncom:olidated materials, the 

water level in the pumped well is lower than the water level in an equivalent 

uncased hole by the amount of friction loss through the casing perforations or 

the well screen. If development of the well is incomplete, the packing of 

fine material in the formation adjacent tu the well openings can greatly reduce 

the permeability and result in an effective radius which is considerably less 

than the nominal drilled size. 

The modified nonequilibrium method of analysis is illustrated below 

(see "Test Procedure and Analysis of Test Data") . 

Theis Recovery Formula 

A useful corrolary to the nonequilibrium formula was derived by 

Theis(9
) for the analysis of the recovery of a pumped well. If a well is 

pumped for a known period of time and then shut down and allowed to recover, 

the residlull drawdown at any instant will be the same as if the discharge 

of the well had been continued but a recharge well with the same flow had 

been introduced at the same point at the instant the discharge stopped. For 

ordinary conditions of application the equat5.on simplifies to 

T = 264 Q log 
s' 10 

t ( 12) 
t I 

where s 1 is the residual drawdown at any time during the recovery period 

(the difference between the observed water level and the non-pumpin,g water 

level extrapolated from the observed trend prior to the pumping period) ; t 

is the time since pumping started, and t, is the time since pumping stopped. 

When residual drawdown (or water level) is plotted on the .linear scale 

of semi-logarithmi~ paper against the ratir t/t, to log scale, a straight. line 

should result, the analysis proceeding rn much the same manner as the 

modified nonequilibrium formula. Again, it is not possible to a ,., t e rmine the 

coefficient of '3lorage from the observations of the rate of recovery of a 

pumped well unless the effective radius is known. 
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Test Procedure and Analysis of Test Data 

The data collected during the pumping test on well 699-26-15 are 

presented for analysis as they are representative of data obtained from the 

majority of tests conducted by personnel of the Geochemical and Geophysical 

Research Operation. 

Well 699-26-15 was pumped for eight hours on July 1, 1958, and 

measurements of the drawdown of water level in the well were made frequently . 

The non-pumping or $tatic water level stood about 55 feet below the top of 

the casing. The initial pumping rate of 260 gpm was reduced to 250 gpm after 

35 minutes. Measurements of the recovery of water level were made 

frequently for five hours after pumping stopped and intermittently thereafter 

for a total of almost 17 hot.rs . Figure 8 shows the drawdown-recovery 

hydrograph for the well. The data on which Figure 8 is based arc included 

in Tables IX and X. 

Figure 9 includes a time-drawdown curve and a time-recovery curve. 

The drawdown curve is obviously affected by the change in pumping rate. The 

recovery curve was obtained by plotting the amount the water level r.ad raised 

from the extrapolated clrawdown (see Figure 8) against the elapsed time after 

pumping ended. Theoretically, the recovery curve and the drawdown curve 

should coincide. If the pumping rate had remained exactly conatant through

out the pumping period of the test, if the aquifer had been in exact hydraulic 

equilibrium before pumping began, and if all the assumptions cf the non

equilibrium method were exactly true for this particular test, this would 

have occurred. However, these conditions are rarely co1npletely met in 

the f.ield, and the recovery curve will usually depart :;,lightly from the 

drawdown curve . 

Figure 10 includes a plot of residual drawdown versus the ratio t/t, 

and shows the resulting straight-line plot passing through the origin. A 

second curve shows the observed recovery of water levels aft.er pumping 

stopped . This "modified" curve does not reflec t the total recovery, he nce 

the calculated transmissibility is somewhat higher than that obtaine d from 

the Theis recovery formula . The data from which the ct: rves of Figure 10 

were drawn are included in Tables IX and X. 
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TABLE IX 

DRAWDOWN OF WATER LEVEL IN PUMPED WELL 699-26-15 

AVERAGE PUMPING RATE Q = 252 GPM 

·.11me .:>1nce ,._,uservea 11me .::,uice ur>servea 
Pumping Started Drawdown Pumping Started Drawdown 

t s t s 
(minutes) (feet) (minutes) (feet) --

70 14.97 
1 2.34 80 15.00 
3 13. 29 100 15. 08 
4 13. 54 120 15. 17 
5 13. 91 140 15. 22 
6 13 . 94 160 15. 28 
7 13. 96 180 15.35 
8 14.03 200 15.35 
9 14. 11 220 15.38 

1-0 14. 20 240 15 . 40 
12 14.36 260 15. 43 
14 14. 51 280 15. 48 
16 14.62 300 15. 49 
18 14. 67 320 15. 52 
20 14. 73 340 15 . 54 
25 14 . 92 360 15 . 56 
30 14.94 380 15 . 57 
35 15 . 02 400 15. 60 
40 14 . 75 420 15. 63 
45 14. 77 440. 15. 65 
50 14 . 80 460 15 . G7 
60 14 . 87 480 15 . 70 
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TABLE X 

RECOVERY OF WATER LEVEL IN PUMPED WELL 699-26-15 

AVERAGE PUMPING RATE Q = 252 GPM 

Time Since Time Since Residual 
Pumping Started Pumping Stopped Drawdown Recovery 

t t I Water Level s' s 
(minutes) (minutes) t /t I (feet) (feet) (feel) 

481 1 481 57.95 2. 53 13 . 15 
482 2 241 57. 71 2. 29 13. 39 
483 3 161 57.57 2. 15 13. 53 
484 4 121 57.48 2.06 13. 62 
485 5 97 57 . 39 1. 97 13. 71 
486 6 81 57.33 1. 91 13 . 77 
487 7 70 57.27 1. 85 13. 83 
488 8 61 57. 23 1. 81 13. 57 
489 9 54 57. 19 1. 77 13. 91 
490 10 49 57. 15 1. 73 13. 95 
492 12 "i 1 57. 11 1. 69 13. 99 
494 14 35 57 . 00 1. 58 14. 10 
496 16 31 56 . 94 1. 52 14. 17 
498 18 28 56. 88 1. 46 14. 23 
500 20 25 56. 83 1. 41 14. 28 
502 22 23 56. 79 1. 37 14. 32 

' 504 24 21 56. 75 1. 33 14.36 
506 26 19 . 5 56. 71 1. 29 14.41 

508 28 18 . 2 56 . 68 1. 26 14 . 44 
510 30 17 . 0 56. li5 1. 2~i 14 . 47 

512 32 16. 0 56 . 63 1. 21 14 . 49 

514 31 15 . 1 56 . 60 1. 18 14. 52 
516 36 14 . 3 56.58 1. lG 14 . 54 

Table abbreviated for c onvenience; see Figure 8 . 
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A summary of the results obtained by the various graphical plots is 

as follows: 

Method 

Modified nonequilibrium 
drawdown 

Thejs 

recovery 

recovery 

modified 

T,ansmissibility 
gpd/ft 

73,000 

66,500 

66,500 

70,000 

Comments on Application of 
Method lo Data for this Test 

Affected by changes in pumping 
rate . 

Extrapolation of waler-level 
curve may involve possible 
errors. 

Yields maximum return for data 
available . 

Measurements not based on total 
recovery . Provides good 
fieJ rl check. 

It appears that the more reliable data give a field coefficient of transmissibilily 

of about 67, 000 gpd/ft. According to the driller, well 699-26-15 penetrated 

75 feet of gravel and then 25 feet of cemented sand and gravel, with a static 

water level of 55 feet. Below this are beds of clay with some silt, sand, and 

gravel in the lower parts witi: basalt at 350 feet. It is estimated that the 

effective saturated thickness m· the tested aquifer is about 45 feet and that 

the aquifer consists of both glat:iofluviatile and Ringold deposits. The 

apparent average permeability of these deposits is consequently about 
2 

1, 500 gpd/ft . 

Adjustment of Test Data for Thin i'a. -;:uifers 

One or the basic assumpt ions of the Theis formula is the stipulation of a 

constant valu,~ of transmissibility . However, under water-table c onditions, the 

drawdown of water level by a dischaq~ing well .r e du c es thr, saturated thi ckness 

of the aquifer, and, if this reduc t ton is apprec1ahle, the lransm:.ssibility is 

not conRtant but decreases with time. According t,, Ja coh(2
f:!) if the observed 

drawdowns are adjusted (reduced) hy the factor s
2 

/2m, where "s" is the 

observed drawdow7 and "m" is the saturated th:c-knrss, P11~ value of trans

missibilily will correspond to equival e nt conf ined fluw of uniform depth . 

Such compPnsation of the drawdo wn data should r e sult in a stra ight-line graph 

for the semilog plottings of the modified nunequilibriu m method . 
UNCLASSIFIED 
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Water-level measurements obtained during an eight-hour drawdown

recovery test on well 199-F7-1 were adjusted by the factor s
2 

/2m . Static 

water stood at a depth of about 9 feet, and the driller reported 20 feet of 

gravel and cobbles, 4 feet of small gravel, and then 125 feet of clay with 

thin interbeds of silt and sand. Thus the saturated thickness of the effective 

aquifer was about 15 feet. At an average pumping rate of 107 gpm a draw

down of 7. 3 feet was reached after eight hours . Figure 11 is a graphical 

representation of the observed drawdown measurements and of the adjusted 

drawdown data . If the test data are not reduced by s 2 /2m for the thin 

15-foot aquifer, the transmissibility calculates as 33,000 gpd/ft and the 

field coefficient of permeability as 2,200 gpd/rt2. As calculated from the 

adjusted data, however, the respective values are 59,000 gpd/ft and 

3,900 gpd/ft2
. 
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APPENDIX IV 

ESTIMATING TRANSMISSIBILITY FROM SPECIFIC CAPACITY 

An examination of the relationship between specific capacity and 

transmissibility is warranted because even a rough figure for T is of value 

in many areas and because of the general difficulty is ascertaining its 

exact value without more elaborate aquifer tests. In 1941, Theis(30) 

developed a relationship theoretically exact within the limits of necessary 

idealized assumptions, and modified the theoretical formula empirically to 

data generally rearlily available in the field. The Theis equation for water

table wells having diameters of about one foot in unconsolidated sediments 

is as follows: 

T' = s_ (1 ± 0. 3)(1300 - 264 log 5 S + 264 log t) 
s 

(13) 

where T' = T - (264 Q log T x 10-5) and the terms, T, Q, s, S, and t are, 
s 

res9cctively, the coefficient of transmissibility, discharge, drawdown, 

coefficient of storage, and time of pumping. The factor (1 ± 0. 3) should be 

adjuated upward to ( 1. 3) for small or poorly developed wells or those with 

poorly perforated casing, and downward to (0. 7) for larger and well-developed 

wells. It is obvious that T cannot be determined from the computed values 

of T', although charts can be drawn giving the values of T' for various 

values of T and Q/s, and that from such charts, knowing T' andQ/s, the 

value of T can be ascertained. However, it soon becomes apparent that 

large changes in S or rn t correspond to relatively small changes in the 

coefficient of transmissibility and specific capacity. Consequently, equation 

( 13) may be simplified to the approximation 

T = _g_ (1700) (14) 
s 

which constitutes a useful means of estimating the general order of 

magnitude of the transm1ssibility of water-table aquifers . 
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The graph in Figure 12 was prepared by computing the theoretical 

drawdown, using the Theis nonequilibrium formula, in 8-inch diameter wells 

for various coefficients of transmissibility and storage, computing the 

specific capacity (as;,uming wells having 100 per cent efficiency), and plotting 

the specific capacity against transmissibility. The resulting lines cover a 

range of S = 0. 05 to 0. 20 and a pumping period t = 8 to 24 hours. These 

variables are those most encountered at Hanford. The graph may be used to 

determine the approximate coefficient of transmissibility of an aquifer in an 

area where the specific capacities of wells are known. Furthermore, 

determination of the approximate specific capacity of a proposed well ending 

in an aquifer having known hydraulic characteristics is often helpful for 

water well planning purposes. Although determinations made from the graph 

may not be exact. owing to unknown factors that must be estimated, neverthe

less the graph serves as a "yardstick" for approximation as well as for 

illustration of the relationship between specific capacity and tram~missibility . 

Values for T estimated from the graph are in the same order of magnitude as 

those estimated from equation (14) . 

The dashed line in Figure 12 is the least squares linear estimation 

line of the plotted points "x" . These points are the values for transmissi

bility and specific capacity derived from cunlrulled aquifer tests (Table Ill) . 

A comparison of the theoretical specific capacity lines, based on 100 per 

cent efficiency, with the specific capacity determined by field test, indicates 

that on the average the wells pumped at Hanford are only about 25-35 per cent 

efficient. 
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APPENDIX V 

STEP-DRAWDOWN TESTS 

The drawdown in a well resulting from the withdrawal of water is made 

up of (a) head loss resulting from laminar flow L'l the formation, and (b) head 

loss resulting from turbulent flow in the zone outside the well, through the 

well openings, and in the well casing. Jacob( 14
) presents a method for evaluating 

the turbulent head losses using the equation. 

s = BQ + CQ
2 

w 
(15) 

wheres is the drawdown in the pumped well, B is the "formation-loss" 
w 

constant, or the "resistance" of the formation, C is the "well-loss" constant, 

and Q is the discharge. Rorab~ugh( 3 l) derived a similar equation and 

presents a more exact method for evaluation when a larger range of pumping 

rates is encountered. In practice, however, equation ( 15) has been found to 

be entirely adequate for most engineering applications. 

Data collected during a step-drawdown t~st on well 699-55-50 # 1 

are presented for illustration. Well# 1 is an 8-inch l)f!rforated well with 

45 feet of perforations spaced 6 holes per round and 2 rounds per foot. 

Figure 13 is a plot of the test data for well 699-55-50 # 1. It can be noted 

that the recession cur·,e at 105 gpm had a "slope" of 0 . 015 feet per log cycle. 

The slope at 205 gpr1 was estimated by multiplying the slope at 105 gpm by the 

ratio of 205/ 105 giving 0. 029 feet per log cycle , The slope at 360 gpm was 

0. 052 feet per log cycle . These slopes were used to extrapolate each step 

of the test beyond the period of pumping of each step as shown by the dashed 

lines in Figure 13. These extrapolations wen' used to obtain the incremental 

d-:-awdown caused by a change in pumping rate . When the test began, the 

pumping rate immediately increased from zero to 105 gpm. After 45 minutes 

of pumping the drawdown was 0 . 13 feP.t, and 45 minutes after pumping rate 

had been increased to 205 gpm the incremental drawdown caused by this 
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100 gpm increase was 0. 20 feet. The third incremental drawdown of 0 . 48 

feet resulted from a 155 gpm increase of pumping rate to 360 gpm. (Note: 

customarily, the periods of pumping arc of one hour's duration. ) 

The step-drawdown calculations are arranged in tabular form shown i n 

Table XI. 

1 -
Step 

1 

2 

3 

TABLE XI 

STEP- DRA WDOWN CALCULATIONS 

Q s ~s w 
sw/Q Pumping Rate Incremental Drawdown Drawdown at Q 

(lzpm) (feet) (feet) (feet/gpm) 

105 0. 13 0. 13 0 . 00124 

205 0. 20 0 . 33 0 . 00161 

360 0.48 0.81 0 . 00225 

The values s /Q and Q arf:' plotted on :trithmetic coordinate paper as 
w 

shown in Figure 14. From the line through the points of Figure 14 the 

following equation was determined: s = 0. 00082 Q + 0. 0000040 Q2 • which w 
is the form of equation ( 15) and is the approximate equation for the draw-

0-. down in well 699-55-50 # 1 for the stated pumping period. Figure 15 shows 

a plot of this equation and the observed drawdowns for several pumping 

rates. 

The plotted points are taken from the following table: 
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TABLE XII 

CALCULATIONS FOR DRAWDOWN- YIELD CURVE 

Q 
Pumpin~ Rate 

(2pm 

105 

205 

360 

500 

700 

s 
w 

= BQ + CQ
2 

s w 
= 0 . 00082 Q + 0. 0000040 Q

2 

s 
CQ2 

w 
BQ Theore tical 

Formation Loss We ll Loss Drawdown 
(feet) (feet) (feet) 

0. 09 0 . 04 0 . 13 

0 . 17 0 . 17 0 . 34 

0 . 30 0 . 52 0 . 82 

0.41 1. 00 1. 41 

0 . 57 1. 96 2. 53 

BQ/a w 
Well Efficiency 

0 . 70 

0.50 

0.37 

0 . 29 

0. 2:, 

A quick estimate of the well-loss constant C maJ' be obtained by 

solving the equation 

.6.s3 .6.s2 

~ ~ C = ---- - - - - (16) 

where the .6.s ternrn are the incremental d r awdowns obt ained at successive 

increases in pumping r ate uQ . From F igure l :~ and Table XI , where 

As
3 

= 0 . 48, As2 = 0 . ~0,.6.Q
3 

= 15 5 , and .6.Q
2 

= 100: 

C = 

0 . 48 
155 

0 . 20 
100 

155 + 100 

0 . 0031 - 0 . 0020 
= -------- = 0 . 000004 3 

255 

Such an estimate is of value fo r multi ple-stc p-dra wdown tes t s of very sho r t 

pumping periods or where turbule nce of the wat e r in the we ll precludes 

continued accurate water-le ve l m easu rements . 
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APPENDIX VI 

ESTIMATING TRANSMISSIBILITY FROM CYCLIC FLUCTUATION DATA 

Ferris<32> has shown that the equation for the range of ground

water fluctuation in an observation well of known distance from the aquifer 

contact with !he surface-water body, whose stage changes sinusoidally, has 

the non-dimensional form: 

where 

Sr = 

so = 

s r 
= 2 s e - 4. 8 X J t8 

T 
0 0 

range in ground-water stage, in feet, 

amplitude or half range of river stage, in feet, 

(17) 

X = distance from the observation well to the surface-water 

contact with the aquifer ( "suboutcrop"), in feet, 

t
0 

= period of the stage fluctuation, in days, 

S = coefficient of storage, 

T = coefficient of transmissibility, gpd/ft. 

For convenience equation (17) can be written: 

-loglO l, ;sro) 
(18) 

X 

The right-hand member Jf equation (18) may be represented as a 

slope by plotting on semilog paper the logarithm of the average range rRti.o 

(sr/2s
0

) for each well against the respective dislance (X) uf each well from 

the river. If the change in logarithm of the range ratio is selec ted over une 

log cycle, the numerator of this slope expression reduces tc- unity . Thus. 

equation (18) may be reduced to T = 4. 4 ( ~X) 2 S/~ . Figure 16 roughly 
0 

illustrates this method, and shows the plotted points fur five wells which are 

located in the ea1:,tward trending glaciofluviatile channel north of GRhle 
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Butte (for well location. see map. Figure 1). The data for well 699-60-60 

were discounted because the hydrograph of the well indicates that the water 

level is influenced also by artificial recharge which masks the ground

water range due to the influence of the river. 

Table XIII includes the data from which estimates uf transmissibility 

were made for the aquifers penetrated by 15 wells in which t~e water level 

fluctuated in response to changes in Colun1bia River stage. The range in 

ground-water stage (sr) was averaged for the period of record as was the 

range of river stage (2 s
0

) . Inasmuch as the river fluctuation is not strictly 

sinusoidal but generally occurs as a single sharp crest each year, the 

period of the river fluctuation (t ) was taken as an average of 140 days. 
0 

As indicated by preceding equations. it is necessary that the coefficient of 

storage S be known in order to evaluate T . Only a few data are available 

giving values for Sat Hanford, but where it has been calculated, (G. 12 • lS) 

a range within 0. 06 to 0. 10 appears reaso:iable. 

The indicated values (Table XIII) of the coefficient of transmissibility 

should be considered tentative. However. these data serve lo demonstrate 

the applicability of the method described for analyzing cyclic fluctuations of 

ground-water level. The results, except for several inordinately large 

values. appear to be within the correct order of magnitude of transmissibility 

as derived previously for sites elsewhere on the project. The estimates 

of permeability were made asRuming various ~ffcctivc thicknesses for the 

aquifers. 
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TABLE XIII 

TRANSMlSSIBlLITY COEFFlClEl'<"TS ESTIMI\TED FHOM CYCLIC FLUCTUATION DATA 

Average Ground-
Water Range 

Sr(fcet) 

0 . 45 

2. 40 

3 . 00 

12 . 75 

17 . 80 

4 . H 

4. 62 

3 . 70 

3. 7!1 

2. 99 

6. 62 

10. 79 
6 .C:.•) 

3. 82 

I 4. 50 

(from ref. 18) 

Averaj,!e River-

7 Stage Kangc 
2sn (feet) 

19 . I 

15 . 9 

15. ~ 

!Ci . 0 I 
i 

Distance 
from River 

(feet) 

:,5. 000 

4G,000 

41,000 

23,000 

14,000 

10,000 

11,000 

4,000 

~.5CJO 

7,000 

1,000 

1,000 

1,200 . nnn ,. v ...... 

5,000 

I Average 
Range Ratio I (sr/2 s

0
) 

0 . 0 2·1 

0 . 13 

0 . 16 

0 . G7 

0 . 94 

0 . 28 

0 . 29 

0 24 

0.20 

0 . IG 

I 
0 . 35 

0 . 57 

0 . 42 

(L :?3 

I 0 . 211 

: 

~ 

Transmissibi lity (gpd/fl) Eslurn.,tcd Permc .. d ,ll1 ly (gpd/fl-) 
wht•n whe n 

S = 0 . Uu S = 0. IU S = 0 . 'Jfi S = 0 . 10 

2,300,000 3 , 800,0UO 5, , 000 ~5 .000 

ul0,000 1,000,00(1 17. ouo 29 ,000 

790.000 1,300,000 23,000 37,000 
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I 
1 . lUU ... . , v ... 
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